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FLIGHT EVALUATION OF THE X-15 BALL-NOSE FLOW-DIRECTION SENSOR
AS AN ATR-DATA SYSTEM

By John P. Cary and Earl R. Keener
Flight Research Center

SUMMARY

An X~15 ball-nose flow-direction sensor was modified to investigate its
suitability for air-data measurements of Mach number and pressure altitude. A
static-pressure port was added to the nulling sphere at an angle of T0° to the
free-stream flow. The static port was calibrated to measure Mach number and
pressure altitude in the Mach number range from 0.3 to 5.3 at altitudes up to

130,000 feet and at Reynolds numbers from 0.1 to 1.6 x lO6 per foot. Dynamic
pressure was accurately determined from ball-nose stagnation pressure for Mach
numbers up to 5.6 and altitudes up to 180,000 feet.

As shown by this investigation, the capability of the modified flow-
direction sensor would probably be limited to Mach numbers less than about h.5
because of the decreasing sensitivity of the system to changes in Mach number
and the increasing influence of nulling error.

For an on-board system, the percentage error in static pressure is approx-
imately twice the percentage error in Mach number, and the calculation of
dynamic pressure from ball-nose stagnation pressure can be assumed independent
of speed if the free-stream Mach number is greater than 2.5.

Ball-nose lip interference resulted in inaccuracies for a small portion of
the flight regime investigated.

INTRODUCTION

Air-data parameters such as Mach number and pressure altitude are conven-
iently determined for most supersonic aircraft by a conventional pitot-static
probe. This probe is limited to an angle of attack of 10° or less. Above 10°,
the correction of the static-pressure measurements for the effect of angle of
attack poses a difficult calibration problem. This problem becomes prohibitive
at high supersonic Mach numbers because of the reduced sensitivity of the probe
(ref. 1). The conventional probe is also limited structurally because of aero-
dynamic heating at supersonic speeds.



As a possible solution to the problems resulting from high angle of attack
and elevated temperature, an X-15 ball-nose flow-direction sensor was modified
to sense Mach number and pressure altitude in addition to angle of attack and
sideslip.

This paper assesses the suitability of the modified ball-nose system for
obtaining Mach number and pressure altitude from pressure measurements at Mach
numbers up to 5.3, altitudes up to 130,000 feet, and Reynolds numbers from 0.1

to 1.6 x 106 per foot. The results are compared with experimental and theoret-
ical results for spheres.

Dynamic pressure, calculated from ball-nose stagnation pressure, was com-
pared to the reference system for values up to 1,440 psf. Data are shown for
Mach numbers up to 5.6 and altitudes up to 180,000 feet.

SYMBOLS
CpJC pressure coefficient at the stagnation point
Cpe Pressure coefficient at angle 6
hp pressure altitude above mean sea level, ft
M, free-stream Mach number
Py stagnation pressure, psf
Pg ball-nose static pressure at angle 6, psf
P, free-stream static pressure, psf
G free-stream dynamic pressure, psf
a angle of attack, deg
B angle of sideslip, deg
Y ratio of specific heats for air
Ap differential pressure in angle-of-attack ports, psf
e( ) error in any measured quantity
6 angle between free-stream flow and the orifice location, deg
Subscripts:
max maximum
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T reference

4L2°,70°,90° angle between the stagnation-pressure orifice and the static-
pressure orifice

X-15 AIRFIANE

The X-15 is a single-place, rocket-powered, research airplane capable of
speeds in excess of 6,000 feet per second and altitudes greater than
300,000 feet. It is carried aloft under the wing of a B-52 aircraft and
normally launched at an altitude of about M5,000 feet.

A three-view drawing of the

|
X-15 is shown in figure 1, and a 49.5
detailed description of the air- /L

lane is presented in reference 2. \ P
e e

ATR-DATA INSTRUMENTATION

Basic X-15 System ////r_}§& ////:Z

The basic air-data system used ‘::::§§§:I::>
in the X-15 flight program is
described in detail in reference 3. \\\\;#;7
The reference data socurces for free-
stream Mach number and dynamic and
static pressures in this system are
ground radar and rawinsonde instru-
ments sent aloft with weather bal-
loons. The ground radar measures
airplane velocity and altitude,
and the rawinsonde instruments
measure static pressure, static
temperature, and winds aloft as a Figure 1.—~ Three-view drawing of the X-15. All dimensions
function of altitude. The maxi- in feet.

mum error in reference free-
stream Mach number is estimated to be *0.06 at M&,r =2 and *#0.08 at

My p = 6, and the pressure-altitude error is #1,250 feet at an altitude of
2
50,000 feet and %1,500 feet at 100,000 feet.

An on-board air-data system is provided that utilizes a stagnation-
pressure measurement just forward of the canopy and a static-pressure
measurement from two manifolded orifices, one on each side of the fuselage
about 50 inches from the ncse. The system is used primarily for subsonic
flight, since it is affected by angle of attack at supersonic speeds.



Unmodified Ball-Nose Sensor

The ball-nose flow-direction sensor is a null-seeking, hydraulically actu-
ated, electronically controlled servomechanism designed for operation at ele-
vated temperatures and low dynamic pressures within the X-15 flight envelope.
The sphere has four orifices, two in the angle-of-attack plane and two in the
angle-of-sideslip plane, for sensing the differential pressure due to « and
. The unbalanced signal from the pressure transducers is fed through ampli-
fiers to the hydraulic actuator, which positions the sphere so as to null the
differential pressure. The sphere position relative to the airplane fuselage
centerline is indicated and recorded as angle of attack and angle of sideslip.
Stagnation pressure at the center orifice is utilized to change the system gain
to maintain constant sensitivity throughout the dynamic-pressure range of 15 psf
to 2,500 psf. The sphere has a diameter of 6.5 inches and operating ranges
from -20° to 40° in angle of attack and *#20° in angle of sideslip. Nulling
accuracy from reference 4 is specified as *0.10° for a free-stream dynamic
pressure greater than 30 psf and less than 2,500 psf. The arrangement of the
sensors is such that the differential pressures from the transducers cannot be
recorded for a direct determination of the nulling accuracy. A more detailed
description of the system is presented in reference k.

Modified Ball-Nose Sensor

For this study, the ball-nose sensor was modified to include a static-
Pressure orifice at an angle of 70° to the stagnation-pressure orifice. The
orifice, as seen in figure 2, is
on the upper surface of the
sphere so that it rotates away
from the 1lip at the housing
Junction with increasing angle
of attack. The orifice was
positioned 27° from the angle-
of-attack plane because of
structural limitations; however,
no adverse effects due to
the offset were detected.

A schematic drawing of the
pressure~sensing and actuator
systems is shown in figure 3.
The 6 = 70° position was
chosen as the best compromise
for achieving high sensitivity
while eliminating possible
interference effects from the
lip which extends 5.5° beyond
the center of the sphere
(fig. 3). At a = 0° and
B = 0°, the angle between

] . = Figure 2.— Photograph of modified ball nose showing the
the 1lip and the 70° orifice 70° static port.

is 1k4.5°.
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Figure 3.— Schematic drawing of modified flow-direction sensor, showing pressure hookup and actuator system.

Pressure-Recording System

The pressures from the stagnation point py, the orifice at P70°s and the

fuselage static-pressure orifice were recorded on a standard NASA film-
recording airspeed-altitude pressure recorder. The recorder has four aneroid-
type pressure cells with an estimated accuracy of #0.5 percent of full scale
for the absolute cells and 0.3 percent of full scale for the differential
cells. As shown in figure 3, two high-range cells, one absolute and one
differential, with a range from O to 2,200 psf and O to 3,400 psf, respectively,
were used as an internally recorded air-data system. This system is described
in reference 3. The absolute cell was connected to the manifolded fuselage
static-pressure orifices and the differential cell to the static-pressure
orifices and the ball-nose stagnation orifice.

The two remaining low-range cells were used to measure the pressures at the
70° orifice and at the stagnation point. The cells had nominal ranges of O to
70 psfa and O to 700 psfd, as shown in figure 3. The upper limit of the 0 to
70 psfa cell corresponded to a free-stream dynamic pressure of approximately
250 psf or less. Above this value, p7oo was calculated by using the less-

accurate high-range cells and the O to 700 psfd cell. No data were obtained
for a free-stream dynamic pressure greater than about 500 psf, the upper limit
of the 0 to 700 psfd cell.



Pressure lag was found to be negligible for the range of pressures in this
investigation. Temperature effects on the recording cells were eliminated by
calibration.

THEORETICAL CONSIDERATIONS

The method for relating the pressure measurements on a nulling sphere to
Mach number and altitude is similar to that used for the standard pitot-static
system. The pressure sources are the stagnation pressure py from an orifice

at the stagnation point of the sphere and the static pressure pg from an ori-

fice at some inclination angle 6. As discussed in the following sections, the
pressure ratios pe/pJC and pw/pe may be related to Mach number by calibration.

Mach Number and Pressure Altitude

Modified Newtonian theory was used to investigate the variation of the
pressures on a nulling sphere for Mach numbers greater than 2. According to the
theory, the pressure coefficient at any point 6 on the sphere may be deter-
mined from the maximum pressure coefficient at the stagnation point as follows

2
C, =C, cos“6 (1)
Pg = 7Py
where
g - P 2 [p
Cpg = - ("Q'l) (2)
o0
and
Cp, =5 (= - 1 (3)
Pt VMEOO <poo
Substituting equations (2) and (3) into equation (1) results in
1Y b \
=CAN 4 cos<0 - cos“o (L)
P Ps
Dy
Multiplying by 5— and rearranging terms gives
t
b P P
-6 == 4 c0329 - = 00329
Py Py Py
o 3 (5)
0= sin6 + cos26
Py Py



where y 1

i [(7 + l)M%] 7 [ (7 + 1) ] 7t
— (6)
oE - (7 - 1)

D 2
Equation (6) is the well-known Rayleigh pitot equation (see ref. 5). Equa-
tion (5) is a function of Mach number only, since 6 and 7y are constant.
Static pressure and, in turn, pressure altitude can be determined from equa-
tion (4) if Mach number and static pressure at angle 6 from the ball nose are
known.

8 The variation of %Q with Mach
t

8, deg number as derived from Newtonian

' theory is shown in figure 4(a) for

6 \\\‘\-~__; 42 | 6 =42°, (0 and B orifice loca-

tions on the sphere), 70°, and 90°.

According to the theory, Pgo° = Po

p P poo
FQ 4l or =2 - —, for a 90° orifice loca-
t Py Py

tion. As illustrated in figure 4(b),

the sensitivity (slope) of the term
2 - Y
70 EQ to changes in Mach number is
t
appreciably affected by orifice posi-
tion. Thus, the maximum Mach number
o 2 4 6 8 10 sensitivity is obtained by posi-
tioning the static orifice near
(a) Pressure ratio versus Mach number for = 907. This grranger_nent - u.sed
several orifice locations. for the conventional pitot-static
probe, which accounts for the superi-
06 ority of this instrument at low
o | angles of attack. The advantage of
orifice position, however, disappears
rapidly as Mach number is increased.

90

w

Dynamic Pressure

Free-stream dynamic pressure can
be determined from the stagnation-
10 pressure measurement on a nulling
o 20 40 60 80 loo Sphere by using the following equa-
8, deg tions

(b) Effect of orifice location on slope of curves in (a).
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Figure 4.— Effect of orifice location on measured
pressure and accuracy.
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The term oo vas obtained from the Rayleigh pitot equation (eq. (6)). The
t

quantity ir- is plotted as a function of Mach number in figure 5. This figure

shows that %ﬁ increases rapidly 6
with Mach numger, reaching a nearly
constant value at Mach numbers
greater than 3. This characteris-
tic made it possible to provide an
on-board presentation of dynamic
pressure, as discussed later. 4

ERROR ANATYSIS

Modified Newtonian theory may
also be used to estimate the accu-
racy of the determinations of free-
stream Mach number, static pres-
sure, and dynamic pressure based
solely on pressure measurements. 1k

Mach Number A . i

1
0 2 4 [} 8 10
The accuracy in Mach number M,

depends on both the sensitivity of Figure 5.— Ratio of free-stream dynamic pressure to ball-nose
stagnation pressure for speeds up to M_, = 10.

the pressure ratio %% to M,
and the accuracy of the pressure sensors. Thus, the percent error in Mach
number may be written in the form

WA
e (M,) M, \py/ Pt

e (9)
M, o286\ Po M,
b+/ Py
The Mach number sensitivity A be determined from figure 4(b) or the
al=e
Pt

derivative of the Newtonian relationship (eq. (5)). The error in the pressure

ratio due to independent and random measurement errors in Pg and Py 1is

given by the root-sum-square relation (ref. 6, page 34)



\oe) el N [e(pt)]z (10)

Ps A\f[ % Py

Other possible sources of error in the ball-nose system are nulling inaccuracy,
lip effects which are discussed later, and configuration errors of the sphere,

such as surface irregularities, or orifice misalinement. Configuration errors

are minimized by calibration.

Pressure Altitude

The estimated error in static pressure, which may be related to the error
in pressure altitude, may be found from equation (4) as

1Y
i) -1 = -t 00329 - C0829
pOO [v.0]
which reduces to
Pe
b, =

sin® + £(M_ ) cos?0

"d'*d
(_}.

8

where f(M,) = (eq. (6)). The differential then becomes the error in

static pressure

€ ! cos?
eépm) ) (pg) Lt (M) 6 (11)

o Py sin®g + £(M,) cose

where

2MS - 1\ ¢ )
TR 1,

7M§ )T (12)

Combining equations (11) and (12) and assuming that Mi is much greater than

1 and f(M) cosge is much greater than singe, except when 6 approaches
90°, the following expression is obtained

e(p,) el(py) (M)
P - bPg te M, (13)

The measurement error e(pe) is known from the recording accuracy of the

instrument. The percent Mach number error was derived in the previous
section. :



Dynamic Pressure

The error in dynamic pressure may be calculated from equation (8), by
assuming that Mach number is greater than 3 and

EE = constant

t
By differentiation
e(a,) e(py) (1)
% by

Therefore, the error in q, 1s dependent only on the measurement error of
Dy - Below M_ = 3, Mach number error becomes important because of the slope

of the curve calculated by using equation (8) (see fig. 5).
RESULTS AND DISCUSSION

Ball-nose pressure measurements from 10 flights of the X-15 airplane
were analyzed. The profiles flown did not allow continuous recording of the
pressures from the ball nose because of the dynamic-pressure limit discussed
earlier. Overlapping of data from flight to flight eliminated all of the
gaps except in the region from M = 4.20 to L.6k.

All estimated measurement and nulling errors presented are root-mean-
square values.

Mach Number

. . . ) . P70°
Calibration.— The calibration curve for Mach number in terms of o
t
versus M, . 1is shown in figures 6(a) and 6(b).

No subsonic wind-tunnel data are available for comparison with the data
of figure 6(a). The results from wind-tunnel tests and modified Newtonian
theory are included for comparison at supersonic speeds. The wide scatter in
the Mach number range from 0.9 to 1.3 (fig. 6(a)) is believed to be caused by
the unsteady shock effects in the vicinity of the ball.

Figure 6(b) shows that the slope of the flight data is generally lower
than predicted by Newtonian theory at Mach numbers above 2; however, the
theory does not take into account the expansion of the air around the sides
of the sphere near a Mach number of 2 or the bluntness effect above a Mach
number of 3. Also, the decreasing slope of the curve as Mach number
increases should be noted.

10



the flight data are in good
agreement with the blunt-body
numerical solution given in
reference 7.
ment with wind-tunnel data
from reference 8 is good.
effect from variations in
Reynolds numbers was found in
the flight data.

estimated deviation in Mach
number with altitude at

M, =3
The values are based on egua-
tion (9) and are typical of any
Mach number between 3 and 6.
Although this trend may appear
to be incorrect,
tion (9) is a function of the
error,
the pressure ratio, for this
study, the factors balanced
out to give essentially a
constant error with increasing
Mach number.

also show how staging to the

.30

Above a Mach number of 3, 1.0
ol )
Also, the agree- %
o)
O
No o
8} %
o
o
o
o
Measurement error.— The 7 %b
&
%
is shown in figure 7(a). Pjzge ° .
P, 6 o
000
o
o o8
5f %%
since equa- odo
)
. %o
slope, and magnitude of 0o
41 o,
oo
o Flight ©
-3 & Wind tunnel (ref. 8) 00(90
® o
The curves of figure 7(a)
2 1 1 1 1
o 4 .8 1.2 1.6 2.0
Mg
(a) Mo p = 0to 2.0.
o Flight
© Wind tunnel (ref. 8)
\ Theory
.26 \ Reference 7
——— Modified Newtonian
1
2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8 5.2 5.6
Mm r

(b) My, ;= 2.0 to 5.3.

Figure 6.— Calibration of

P70°
Py

versus M, ;. for the X-15 ball nose.
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lower-range cell decreases error.
The high-altitude curve begins when
Hitode cell the pressure at the 70° orifice
falls below the upper limit of the
O to 70 psfa cell or at about

q, = 250 psf. TFlight data were not

€(Mp)
My 110

percent
used in the calibration if the

High-a
Low-ahirud7
t5 ////i———’//,//, T estimated Mach number error was

Cﬂﬁm?b" greater than *5 percent.

N — 1 1 1 L 1

0 60 80 100 120 140 160x10° Figure 7(b) shows the error
hp, ft caused by a *1 percent measurement
error and a *0.10° nulling error.
The measurement-error curve is
based on equation (9), as was
te figure 7(a). However, the measure-
ment error was held constant at
—— *1.0 percent, measurement +1 percent so that the effect of
€(My) —— 10.10°, nulling slope on the error could be seen.
Mg The Mach number error caused by
percent+ any measurement error can be found
easily by multiplying the appro-
priate value from the curve by the
magnitude of the measurement error.
For example, at M = 4.0 the

(a) Measurement error for M = 3.

estimated error in Mach number is
almost *2 percent. Assuming the
measurement error to be on the
Figure 7.— Estimated X-15 system errors for 6 = 70°, order of 2 percent to 3 percent,
the resulting Mach number error
would be L4 percent to 6 percent,
a value considered to be marginal for most air-data systems.

(b) Effect of constant nulling and measurement error.

Data from reference 4 indicate the nulling error from the ball nose to be
$0.10° for dynamic pressures greater than 30 psf. Except for scatter in the
data near M, = 1, this value is supported by the present study, since the

overall accuracy in the flight-test data would not have been possible with a
larger nulling error. However, even the small value of +0.10° can cause
significant errors at the higher Mach numbers, as shown in figure 7(b). The
estimated Mach number error due to nulling error at M, =4 is almost

1.5 percent and increases to *3.0 percent at M = 6. Larger nulling errors
would cause excessive Mach number error.

Lip interference.— An unexpected, but interesting, facet of this investi-
gation was the effect of the housing lip on the pressure at the 70° orifice
(fig. 2). As angle of attack decreased, the lip increased the pressure, as
shown in figure 8(a) for several Mach numbers. Figure 8(b) shows the approx-
imate Mach number and angle-of-attack ranges in which lip interference was
experienced. The range of interference began at about « = 10° for 1 Mach
number of 0.4 and decreased linearly to o = 0° at a Mach number of 3.75.

12
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0.66
10
6F
sl
5k
6k
@, deg
P7pe° i
Py Lip-interference 4
boundary
3 2}
O~ - 1.55
2.10
~ 0
o= ——————————0—3.35 M
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1 L (b) Region of lip interference.
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a, deg

(a) Variation of pressure ratio with a for several Mach numbers.

Flight data within this reglon 0
were not used except at landing
(M = 0.4 to 0.6) where valid -4
data were difficult to obtain. -8
€(Mqa)
The percent error in Mach M, ' -12
number caused by the lip in percent

relation to angle of attack is -16
shown in figure 8(c) for free-

stream Mach numbers of 0.66, -20

1.55, 2.10, 2.80, and 3.35. 24 RS T SR W SR TR S N
Although the interference o 1 2 3 4 5 6 7 8 9 10
region is small for the higher @, deg

Mach numbers, the shallow slope

of the calibration curve (c) Mach number error.

(fig. 6(b)) results in a large

Mach number error. Correspond- Figure 8.— Effects of lip interference.

ingly, the interference region
is large at the lower Mach
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numbers, but the Mach number error is small because of the relatively steep
slope of the calibration curve. These errors make the system unacceptable
for air-data use and can be eliminated only by removing the lip, since moving
the orifice forward would tend to reduce the overall accuracy.

Comparison with other systems.— The probable error for the nose boom,
ball nose, and the fuselage static pressure and ball-nose stagnation pressure
is shown in figure 9. The curves represent percentage Mach number error due

- to data scatter about the
+3.2 faired calibration curve. It
should be noted, however, that
they do not represent position

Fuselage static and p

§ g 2.4 ~ {@a =0°to 16°) error. Probable error is de-
s @ I e fined by the Gauss error curve
ﬁ_g E ’\ ////, as being equal to or including
= Er  Ifléf l \ - Ball nosel 50 percent of the data points
-l ;]\ ///// P (ref. 6). The nose boom, used
§'§ /X e on the early X-15 flights, was
- =

Q.

0.8} < - N h
Nose boom (a < 10°) more accurate thag he other
two systems. An internally
J I recorded system using ball-nose
0 1 2 3 4 5 é stagnation pressure and static
Mg r pressure from the fuselage was
the least accurate. The error
in this system would have been
Figure 9.— Probable free-stream Mach number error for considerably lower if an angle-
h X- ir-d . .
three A-15 air-data systems of-attack correction had been
applied (see ref. 3).

-
-

The probable error in Mach number for the modified ball nose is greater
than #1 percent in the transonic range and at Mach numbers greater than 3.8.
The increasing error above M, = 2.5 iz due primarily to the flat slope of

the calibration curve which is shown in figure 6(b). The sensor would be
limited to low hypersonic speeds of about M, = 4.5 because of the de-

creasing slope and the increasing influence of nulling error.

Stetic Pressure

Calibration.— Figure 10 shows calibration curves for determining pres-

pOO
sure altitude in terms of the pressure ratics —=f gng — %L  roy
Pr0° (Pt = Pro°)
reference free-stream Mach numbers extending to 5.3. A logarithmic scale was
Do
used to show the linearity of -———2L _ Gyer the entire Mach number
(Py = P70°)

range. Modified Newtonian theory is included for comparison with the

(&)

§_L£ curve and agrees fairly well with the flight-test data. Subsonically,
70°
p70° approaches p, T in magnitude.

2
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Figure 10.— Free-stream static pressure calibration.

Measurement error.— It was shown in equation (13) that the error in
static pressure is a function of the crror in Prge and Mach number. TFor

the calibration curve based on 10 flights, the Mach number error from radar
was assumed to be negligible. Thus, the only errcr remaining is the measure-
ment error in P70°5 which was estimated as +11.0 psf for the low-altitude



hookup and #0.4 psf for the high-altitude hookup. Again, the flight-test data
were not used when the estimated error in static pressure was greater than
5 percent.

For an on-board air-data system, the second term of equation (13) becomes
very important. Mach number is used in finding static pressure, so that any
error in Mach number is carried over into the static-pressure calculation. If

c(p °

—%—Ig—l is assumed to be negligible in equation (13), a rapid and, in most
,—(Oo

cases, sufficiently accurate estimate of the error is

€ (P) o5 € (M)
P, M,

(15)

Dynamic Pressure

Figure 11 compares reference and ball-nose dynamic pressures up to
4, = 1,430 psf for a flight to M, = 5.6. The ball-nose data agree well with

reference measurements over the entire Mach number range; the difference
at the maximum dynamic pressure was -30 psf for a 2.9 percent error.

Figure 12 shows the per-
cent difference between ball-

2
16x10 Reference nose and reference dynamic
o Ball pressure for three X-15 flights
141~ @ nose selected at random. (Data from

one of the flights are shown in
figure 11.) Scatter in the

12
data is generally within
10 3 percent and is consistently
low at the higher values,
a perhaps as a result of ball-
® 8 nose instrumentation problems.
pst Accuracy decreases at the
6 lower dynamic pressures because
of the low measured pressures.
4 The system is most accurate at
high dynamic pressures where
) accuracy is critical for

safety of flight.

) i L | l ! L X-15 "q" meter.— An on-

0 40 80 120 160 200 240 280 320 board presentation of dynamic
Time from launch, sec pressure was given to the X-15

pilot by the following equation

Figure 11.— Comparison of reference and ball-nose dynamic
pressure for an X-15 flight.

G = 0-53py (16)

16
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Figure 12.— Percent difference between ball-nose and reference dynamic pressures.

The constant, 0.53, was chosen

as the value best suited to the
X-15 speed range. The theoret-
ical error which results from
equation (16) is shown in
figure 13 as a function of Mach
number. Figure 13 also shows
flight data obtained from cock-
pit movies of the "q' meter.

The data agree well with theory;

(4o = eo,r)
Ao ’
percent

4

the scatter is attributed to
measurement error. For free-
stream Mach numbers greater

than about 2.5, the "q" meter
gave accurate readings of
dynamic pressure which were
determined independently of
Mach number.

Figure 13.— Dynamic-pressure error using q,, = 0.53p;.
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CONCLUSIONS

Analysis of data recorded from a modified X-15 ball-nose flow-direction
sensor led to the following conclusions:

1. The error in Mach number became excessive at Mach numbers greater
than about 4.5 because of the flat slope of the calibration curve.

2. Mach number error, resulting from a constant nulling error, became
proporticnately larger with increasing Mach number.

3. For an on-board system, the percentage error in static pressure is
about twice the percentage error in Mach number for free-stream Mach numbers
greater than 2.

4, For an on~board presentation, the calculation of dynamic pressure
from ball-nose stagnation pressure can be assumed independent of Mach number
with good accuracy for free-stream Mach numbers greater than 2.5.

5. The sensor was unusable in the region of 1lip interference caused by

the ball-nose housing junction.

Flight Research Center,
National Aeronautics and Space Administration,
Edwards, Calif., May 10, 1965.
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